Background
Introduction
Even after successful primary percutaneous coronary intervention (PCI), both the short and long term prognoses of patients with ST-elevation myocardial infarction (STEMI) are considerably poor [1, 2] . Conventional risk factors, including diabetes mellitus, are known to be associated with worse outcomes in these patients [3] . Left ventricular ejection fraction (LVEF) and Killip class on admission, as well as multi-vessel disease (MVD) are also well-known parameters suspected of contributing to poorer prognosis [4, 5] . Since adscititious vital organ damage may affect the survival of patients with STEMI, previous studies have revealed the importance of contrast-induced acute kidney injury (CI-AKI) in interventionally-treated patients with STEMI, in terms of prognosis [6] [7] [8] [9] . A recent study had also proposed the prognostic impact of hypoxic liver injury (HLI) among patients with STEMI [10] . However, there is lack of data regarding the prognostic value of combined CI-AKI and HLI among patients with STEMI. Therefore, we sought to evaluate the prognostic impact of CI-AKI and HLI in patients with STEMI who underwent primary PCI.
Materials and Methods

Study design and patient selection
This was a multi-center study that consisted of 4 hospitals (Inha University Hospital, Gachon University Gil Medical Center, Sejong General Hospital, and Soon Chun Hyang University Bucheon Hospital) in the Incheon-Bucheon province. These 4 hospital established a STEMI registry designated as INTERSTELLAR (INcheon-Bucheon cohorT of patients who undERwent primary PCI for acute ST-Elevation myocardial infARction) [11] . From the INTERSTELLAR registry cohort, a total of 668 consecutive patients (77.2% male, mean age 61.3±13.3 years) with STEMI who underwent primary PCI between 2007 and 2014 were enrolled. The study protocol was approved by the Institutional Review Board of the Inha University Hospital, Inha University College of Medicine (INHAUH 2016-05-015), and written consent was obtained from each patient.
Primary PCI was performed according to standard clinical practice [12] . Pharmacological therapy, temporary pacemaker insertion, and intra-aortic balloon pump support were left to the operators' discretion. Patients were divided into four groups according to their CI-AKI and HLI states: no organ damage, CI-AKI only, HLI only, combined CI-AKI and HLI. The baseline risk factors, coronary angiographic findings, length of follow-up, and major adverse cardiovascular and cerebrovascular event (MACCE), which include all-cause mortality and non-fatal myocardial infarction (MI), non-fatal stroke, ischemia-driven target lesion revascularization (TLR) and target vessel revascularization (TVR) were recorded. This study is registered on ClinicalTrials.gov under the identifier NCT02800421.
Definition of variables and measurements
Hypertension was defined as systolic blood pressure of 140 mmHg, diastolic blood pressure of 90 mmHg, or by antihypertensive prescription. Type 2 diabetes mellitus was defined by oral hypoglycemic agents or insulin prescription, fasting plasma glucose concentration of 126 mg/dL, glycosylated hemoglobin (HbA1c) concentration of 6.5%, or known but untreated hyperglycemia. Dyslipidemia was defined by total cholesterol level of 240 mg/dL, LDL cholesterol level of 130 mg/dL, HDL cholesterol level of <40 mg/dL, triglyceride level of 200 mg/dL, and/or by lipid-lowering prescription. STEMI was defined as a typical chest pain lasting for >30 min within the last 24h, with electrocardiographic findings of ST-elevation >1 mm in at least two consecutive leads or new-onset left bundle branch block, and 2-fold elevation of serum levels of troponin-I or creatine kinase-MB above the upper normal limit. Obstructive CAD was defined as 50% luminal narrowing and the extent of obstructive CAD was categorized according to the number of vessels involved (1, 2, or 3) [13] . CI-AKI was defined as an increase of 0.5 mg/dL in serum creatinine level or a 25% relative increase, within 48h after the index procedure [7] . HLI was defined as 2-fold increase of serum aspartate transaminase level above upper normal limit on admission [10] .
Endpoint determination and follow-up data acquisition
The primary endpoint was all-cause mortality, while the secondary endpoint was composite major adverse cardiovascular and cerebrovascular event (MACCE), defined as all-cause mortality, non-fatal MI, non-fatal stroke, and ischemia-driven TLR/TVR,during the follow-up period [14, 15] . For patients with multiple cardiovascular and cerebrovascular events, only the first event was considered for analysis. Patient follow-up data were collected using electronic medical record review and/or standardized telephone interviews.
Data analysis and statistical methods
Continuous data were expressed as a mean value ± standard deviation and/or median value (interquartile range), as appropriate. Categorical data were presented as a percentage or absolute number. Analyses of continuous data were performed using the analysis of variance (ANOVA) test or Kruskal-Wallis test, where appropriate. Fisher's exact test with adjustments by permutation resampling were performed to assess differences of mortality rates among the four groups [16] . Cumulative event rates, as a function over time, were estimated using the Kaplan-Meier method, and survival curves of all-cause mortality and MACCE were compared using the log-rank test. Cox proportional hazards regression analyses were performed to determine the significant risk factors for all-cause mortality and MACCE such as clinical characteristics, laboratory parameters, Killip classification, LVEF, MVD, CI-AKI, and HLI. Hazard ratios (HR) were calculated as an estimate of the risk associated with a particular variable, with 95% confidence intervals (CI). All analyses were performed using SPSS version 19.0 (SPSS, Chicago, IL, USA) and SAS version 9.3 (SAS Institute, Cary, NC, USA). A p-value of less than 0.05 was considered statistically significant.
Results
Baseline characteristics of the study population and comparison among patients according to CI-AKI and HLI states
Of the 668 patients, 465 patients (69.6%) were allocated to the no organ damage group, 47 patients (7.0%) to the CI-AKI only group, 130 patients (19.5%) to the HLI only group, and 26 patients (3.9%)to the combined CI-AKI and HLI group. A summary of the baseline, laboratory, and angiographic characteristics according to CI-AKI and HLI state is shown in Table 1 . Patients with combined CI-AKI and HLI tended to be older (p = 0.029) and hypertensive (p = 0.039). More patients with combined CI-AKI and HLI had faster heart rate (p<0.0001), and worse Killip class during their initial clinical presentation (p = 0.001). The baseline creatinine level was higher (p<0.0001), while LVEF was lower (p<0.0001) in the combined CI-AKI and HLI group. In addition, MVD was more frequent in patients with CI-AKI than in those without CI-AKI (p = 0.018). Intra-aortic balloon pump support was used more frequently in the combined CI-AKI and HLI group (11.5%). However, there was no statistical difference among the groups (p = 0.349) ( Table 1) .
Thirty-day mortality according to CI-AKI and HLI states
The overall 30-day mortality of the study population was 5.7% (38/668) ( Table 2 ). The 30-day mortality rates according to CI-AKI and HLI states were significantly different (p<0.001 by Fisher's exact test; Fig 1) . The 30-day mortality rate in the combined CI-AKI and HLI group (34.6%) was significantly higher than that in each group of the no organ damage (3.0%; p<0.0001), CI-AKI only (6.4%; p = 0.002), and HLI only (9.2%; p = 0.001), respectively. Although 36 patients (8.1%) had Killip class 4 during their initial presentation in the no organ damage group, only 14 patients (3.0%) died in this group. In contrast, although only 3 patients (12.0%) presented with Killip class 4 in the combined CI-AKI and HLI group, 9 patients (34.6%) in this group died.
Long term prognosis according to CI-AKI and HLI states
Over a mean follow-up period of 2.2±1.6 years, 94 MACCEs occurred (66 all-cause mortality, 15 non-fatal MI, 7 non-fatal stroke, and 6 ischemia-driven TLR/TVR) with an event rate of 14.1% ( Table 2 ). The rate of MACCE and all-cause mortality were 9.7% and 5.2%, respectively, in the no organ damage group; 21.3% and 21.3%, respectively, in the CI-AKI only group; 18.5% and 14.6%, respectively, in the HLI only group; and 57.7% and 50.0%, respectively, in the combined CI-AKI and HLI group (Table 2) . Consequently, Kaplan-Meier survival analysis for MACCE and all-cause mortality revealed that a combination of CI-AKI and HLI was associated with worst clinical outcomes (log rank p-value<0.0001 for both). In the multiple Cox proportional hazards analysis for MACCE, hypertension (HR 1.800, 95% CI 1.054-3.074, p = 0.031), LVEF (HR 0.954, 95% CI 0.932-0.976, p<0.0001), and combined CI-AKI and HLI (HR 4.996, 95% CI 2.309-10.811, p<0.0001) were significant risk factors (Table 3 ). In the multiple Cox proportional hazards analysis for all-cause mortality, age (HR 1.035, 95% CI 1.009-1.061, p = 0.008), diabetes mellitus (HR 2.145, 95% CI 1.126-4.087, p = 0.020), Killip class 4 (HR 2.517, 95% CI 1.113-5.692, p = 0.027), LVEF (HR 0.927, 95% CI 0.898-0.957, p<0.0001), and combined CI-AKI and HLI (HR 6.617, 95% CI 2.500-17.515, p<0.0001) were significant risk factors (Table 4) . Furthermore, the survival probability plots of overall MACCE and allcause mortality revealed that combined CI-AKI and HLI is associated with the worst prognosis, even after adjustment for age, diabetes mellitus, hypertension, MVD, Killip class, and LVEF (p<0.0001 for both) (Fig 2) .
Discussion
Incidence, predictors and cardiovascular risk of CI-AKI in patients with STEMI
A previous study had revealed that contrast volume, old age, impaired renal function, prior history of cardiovascular disease, acute coronary syndrome, diabetes mellitus, cardiogenic shock, anemia, and intra-aortic balloon pump support were independent predictors of CI-AKI, with 7% of CI-AKI incidence among CAD patients who had undergone PCI [8] . Moreover, they documented that CI-AKI was strongly associated with STEMI, chronic kidney disease, and cardiogenic shock-all of which may lead to worse outcome [8] . Another study reported that contrast volume/estimated glomerular filtration rate ratio (CV/eGFR) of>2.5, age, left ventricular dysfunction, and troponin level were independent predictors of CI-AKI in STEMI patients who have undergone primary PCI, with a 5.3% CI-AKI incidence [17] . A recent study revealed that contrast volume, white blood cell count, left anterior descending infarct-related artery, age, anemia, creatinine clearance of <60mL/min, and history of congestive heart failure were predictors of CI-AKI in STEMI patients who underwent primary PCI, with 16% CI-AKI incidence [7] . In concordance with these reports, our study showed that the CI-AKI group had higher initial creatinine levels and higher incidence of Killip class 4 compared to the no organ damage group, with 11% of CI-AKI incidence. Categorical data are expressed as numbers (%) and continuous data are expressed as mean ± standard deviationand/or median (interquartile range). Data are expressed as numbers (%). Abbreviations. MACCE = major adverse cardiovascular and cerebrovascular event; MI = myocardial infarction; TLR = target lesion revascularization; TVR = target vessel revascularization; CI-AKI = contrast induced acute kidney injury; HLI = hypoxic liver injury.
Prognostic value of CI-AKI in patients with STEMI
Previous studies have revealed that CI-AKI is associated with worse prognosis, implying the detrimental effects of adscititious vital organ damage among patients with STEMI [6] [7] [8] [9] . Since baseline renal function is a risk factor for CI-AKI development, a previous study had reported that baseline renal insufficiency is associated with markedly increased risk of both the 30-day and 1-year mortality among STEMI patients who had undergone primary PCI [18] . Another study reported that CI-AKI frequently complicates primary PCI, even among patients with normal renal function. Furthermore, it is associated with higher in-hospital mortality rate among patients with STEMI [19] . More recently, a large scale HORIZONS-AMI substudy demonstrated the prognostic significance of CI-AKI in both the short and long term outcomes among STEMI patients who had undergone primary PCI [7] . This study revealed that cardiac Abbreviations. CI = confidence interval; CI-AKI = contrast induced acute kidney injury; HLI = hypoxic liver injury; HR = hazard ratio; LVEF = left ventricular ejection fraction; MACCE = major adverse cardiovascular and cerebrovascular event; MI = myocardial infarction; TLR = target lesion revascularization; TVR = target vessel revascularization.
doi:10.1371/journal.pone.0159416.t003
death, non-fatal MI, ischemic TVR occurred more frequently in the CI-AKI group than in the no CI-AKI group, in terms of both the 30-day and 3-year outcomes [7] . In concordance with these reports, our study revealed that CI-AKI was associated with worse outcome, with regards to both the short-and long-term prognoses.
Pathophysiology of hypoxic hepatitis and its implication
The liver is a robust vital organ that is very sensitive to hemodynamic changes owing to its complex vascular system and high metabolic activity [20] . Although it has its own compensatory mechanism for disrupted blood flow (by extracting more oxygen from blood), this mechanism may become overwhelmed, and liver injury eventually occurs when circulatory failure persists [10, 20, 21] . Therefore, hypoxic hepatitis may be another adscititious vital organ damage in patients with STEMI, which affects the prognosis. Hypoxic hepatitis is diagnosed according to the following criteria: (1) cardiac, circulatory, and/or pulmonary failure; (2) severe and transient increase in transaminase levels; and (3) exclusion of other possible causes of liver damage [10, 20] . Hypoxic hepatitis is defined as a peak transaminase level increase of more than 20-fold of the upper normal limit, if there is no histopathological validation [22, 23] . However, previous studies suggested that the histopathological findings of hypoxic hepatitis may be present even below this 20-fold cut-off value of serum transaminase levels [24, 25] . Another study reported 22% incidence of hypoxic hepatitis among intensive care unit patients with decreased cardiac output [26] . Furthermore, a separate study revealed that when hypoxic hepatitis takes place among intensive care unit patients, the mortality rate exceeds 50% [22] . Interestingly, although the mortality rate is high in these patients, the cause of death is usually due to the underlying disease, not hypoxic hepatitis per se.
Prognostic value of HLI among patients with STEMI
Recently, we have proposed the prognostic impact of HLI in the emergency room setting among patients with STEMI [10] . We revealed that a 2-fold increase of serum transaminase level on admission predicts the outcome among STEMI patients who underwent primary PCI.
In addition, we demonstrated that HLI is associated with post-PCI left ventricular dysfunction, which recovered after the acute phase of STEMI [10] . This result implies that STEMI patients with mild to moderate elevation of serum transaminase levels on admission are at higher risk of developing hypoxic hepatitis, of which the outcome may be fatal. In accordance to the previous study, we have adopted the definition of HLI on admission as an early marker of liver damage in the current study. With regards to the long-term prognosis, HLI was associated with worse outcome compared to that in patients with no organ damage. Several factors may contribute to the poor prognostic value of HLI on admission among STEMI patients who underwent primary PCI. First, HLI on admission may be an early marker of hypoxic hepatitis development. Since hypoxic hepatitis occurs as a consequence of severe left and/or right ventricular dysfunction, HLI on admission may imply extensive myocardial damage among patients with STEMI. Second, HLI on admission may signify sustained period for revascularization after the infarct-related coronary artery occlusion takes place, since transaminase elevation occurs several hours after STEMI occurrence. It may indicate increased irreversible myocardial damage burden leading to extensive myocardial necrosis.
Prognostic impact of combined CI-AKI and HLI among patients with STEMI
The prognostic value of combined CI-AKI and HLI among STEMI patients who underwent primary PCI has not been demonstrated before. To the best of our knowledge, this was the first study that documented the prognostic impact of combined CI-AKI and HLI in interventionally-treated patients with STEMI. In our study, the 30-day mortality in the CI-AKI only group was 2-fold higher than the no organ damage group. Furthermore, the 30-day mortality rate increased when CI-AKI and HLI occurred in combination, more than 10-fold higher than that in the no organ damage group. In addition, the long term prognostic impact of combined CI-AKI and HLI persists in STEMI patients who undergo primary PCI, demonstrating a 5-fold or higher risk for both MACCE and all-cause mortality. A previous study revealed that STEMI patients with Killip class 4 had worse prognosis compared to those with Killip class 1 to 3 [27] . Indeed, STEMI patients with cardiogenic shock may develop a combination of CI-AKI and HLI owing to the transient hypoxemia and hypoperfusion status of the kidney and liver. Therefore, there may be a dissent from our opinion that combined CI-AKI and HLI has momentous prognostic impact. However, only 3 patients (12%) in the combined CI-AKI and HLI group had cardiogenic shock during their initial presentation, whereas 30-day mortality occurred in 9 patients (35%); this implied the probability of additional informative value of combined CI-AKI and HLI as a prognosticator. Therefore, we propose that combined CI-AKI and HLI is associated with worse prognosis in STEMI patients who underwent primary PCI, beyond the value of Killip classification.
Limitations
There are several limitations in this study. First, this was an observational study that consisted of a Korean population. Second, histopathological confirmation of hypoxic liver damage, evidenced by centrilobular necrosis of hepatocytes, was not performed. However, as anti-platelet agents, intravenous heparinization, and glycoprotein IIb/IIIa inhibitors are frequently used in the acute phase of STEMI, liver biopsy may not be feasible in this situation, as the risk of fatal bleeding complication may overweigh the benefit of histopathological confirmation.
Conclusion
Combined CI-AKI after index procedure and HLI on admission is associated with poorer clinical outcomes in patients with STEMI who underwent primary PCI.
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